The development of reliable methodology for the assessment of rates of cell replication and cell death has enabled the study of how these 2 fundamentally opposed processes work to form and maintain tissue and to remodel tissue following diseases resulting in cell loss. The balance between these 2 processes and the consequences of an imbalance are fundamental to a clearer understanding of how hyperplasia and neoplasia develop in tissues under the influence of chemicals and drugs. An understanding of the changes that occur in target organs and tissues following chemical or drug exposure has enabled a better understanding of the mechanism by which these chemicals are able to induce cancer after prolonged exposure. Studies of the control of cell replication and the changes that occur following drug exposure have defined 2 types of response, 1 in which the cell replicative response is sustained and the other in which the cell replicative response is transient and occurs during the first few days of exposure. Although regulatory and scientific opinion appears ready to accept sustained cell replicative processes as an increased risk factor in the development of cancer, the role played by transient increases in cell replication remains unclear. Concurrent events in target organs following treatment with chemicals that induce transient increases in cell replication have revealed that the rates of apoptosis are suppressed at the same time as the cell replication levels are induced. Additional evidence suggests that growth and antigrowth factors are central in controlling these responses. Escape from the regulatory action of these factors is postulated to be one of the ways in which nongenotoxic carcinogenic chemicals, such as the peroxisome proliferators and sodium phenobarbitone, may induce cancer, with apoptosis playing a key role in the process.
INTRODUCTION
The control of the size and shape of organs and tissues in the mature body is a balance between the rates of cell loss and cell replacement. In young animals, the rate of cell proliferation generally exceeds that of cell death. Exceptions exist in fetal development, when localized high levels of cell death in the developing limb buds and the central nervous system (CNS) act to remodel the tissue (1, 4, 18) . Rates of cell death and cell replication differ considerably between different tissues in the mature animal. In the gastrointestinal tract both rates are high, whereas in organs such as the CNS rates of both variables are very low (6, 11) . Exceptions to these rules apply in disease states, when very high rates of cell death can be countered by similarly high rates of cell replacement even in those tissues generally thought of as having low rates of cell turnover such as the liver, eg, in virally or chemically induced hepatitis (20, 35) . In these instances, the lost cells may be replaced by cells of a different type.
The fibrotic reaction that can accompany the extensive cell damage that occurs in the heart following transient ischemia is an example of this process (33) . The affected tissue loses function as a result of the injury.
WHAT HAPPENS WHEN THE BALANCE BETWEEN CELL DEATH AND CELL REPLICATION IS UPSET?
In a stable mature organ or tissue, the rate of cell replication equals the rate of cell death (Figure 1 a) . In certain disease states, when the rate of cell death or loss exceeds the rate of cell replacement, atrophy of the tissue or organ results. This process must be self-limiting because the natural end point of significant organ and tissue atrophy is death of the whole organism. Hence, after an initial period when the rate of cell loss exceeds the rate of cell replication, a new status quo is established when the rates of cell loss and replacement are once again equal, although the actual rates of both are frequently higher than in the unaffected tissue (Figure 1 c) . Under severe disease conditions, replication and proliferation of either the affected cells or the connective tissue component of the tissue generally act to limit the degree of atrophy before the critical point is reached when recovery is no longer possible.
In certain circumstances, the sustained rate of cell replication exceeds the rate of cell loss, resulting in hyperplasia in the target tissue (Figure ld ), and can be the result of a number of different initiating stimuli. In the FIGURE l.-A model of the relationship of cell replication and cell death and changes induced by chemical administration. a) In a mature resting tissue, the rates of cell replication equal the rates of cell death, and the tissue is maintained in a status quo situation. b) In infectious diseases, high chemical doses, or ischemia, the rate of cell death exceeds the rate of cell replication, and tissue atrophy can occur. c) Following infectious disease. high chemical dose, or ischemia, the rate of cell replication gradually catches up with the rate of cell loss until a new status quo is reached, when the 2 variables are equal. However, the system, although in status quo, is reset at a higher overall energy level than it was before the change in condition. d) In the liver, administration of chemicals such as sodium phenobarbitone will provoke a functional organ growth where initially the rate of cell replication is increased and the rate of cell death is decreased over that seen in the resting state. This imbalance is transient, and the data suggest that the rates of cell replication and cell death return to a new resting state but at rates lower than those seen in normal resting tissue. liver, growth that results when rodents are fed sodium phenobarbitone is a product of a combination of cellular hypertrophy and hyperplasia. This reaction is the result of the increased metabolic load on the organ by the intake of high levels of sodium phenobarbitone. The liver responds initially by increasing the amount of metabolizing enzymes within each hepatocyte and subsequently by increasing the number of cells able to undertake the metabolism of phenobarbitone. This response is self-limiting and has been reported to be over within the first 7 days or so of treatment in the rat (21) . In contrast, the rates of cell death continue to be depressed for some time longer, but eventually a new status quo is established and the rate of cell replication again equals the rate of cell death (Figure 1 a) .
Hence in the first of the 2 examples above, high levels of cell death precede the increase in cell replication rate (Figure lb) , whereas in the second example high levels of cell replication are required transiently before the rates once again decrease to normal. There is evidence that in the second example the rates of cell death decrease in concert with the increased rates of cell replication ( Figure   1 d). Hence in both normal and altered conditions of cell turnover, the relationship between cell loss and cell replication maintains itself in a state of dynamic equilibrium able to respond rapidly to any increased or decreased demand.
CELL REPLICATION RATES IN THE DEVELOPMENT OF CHEMICALLY INDUCED CANCER
When carcinogenic chemicals are given to animals they often induce increased cell replication rates in the target tissue in which cancer will subsequently develop (27) . Often these increases can be transient, as in the case of certain hepatic peroxisome proliferating chemicals, but in other situations the increased cell replication can be sustained as in the case of the male rat kidney carcinogen, d-limonene, which is thought to function via the binding to and accumulation of the male rat specific protein, a2uglobulin, within the proximal tubular cells of the kidney cortex (32) . Much debate has ensued in the scientific literature regarding the relative importance of transient versus sustained cell replication in the relative risk of a given tissue developing cancer on prolonged exposure (3, 7, 22, 25) . Although the relationship between sustained cell replication and the eventual development of cancer in the target organ is widely accepted, there is considerable scepticism regarding the ability of transient increases in cell replication, such as those seen with sodium phenobarbitone and the peroxisome proliferating group of chemicals in the rodent liver, to influence the development of cancer on their own. In these instances, additional currently unknown factors have been evoked to account for the carcinogenic properties of chemicals showing these features. Mechanistic arguments, based upon chemically induced sustained increases in cell replication as the causes of cancer with those chemicals that lack genotoxic or mutagenic potential, have gained widespread support both in the scientific and regulatory arena, whereas there is still considerable reluctance to accept that increases in cell replication over the first few days (22) .] of dosing can have relevance to the cancer that may take greater than 15 months to develop in the target organ (25) . An elegant series of experiments comparing the effects of 2 carcinogenic hepatic peroxisome proliferators, nafenopin and Wy 14,643 (22) , showed that similar degrees of increased cell replication in the liver during the first 7 days of dosing ( Figure 2 ) was associated with similar tumor burdens at the end of the experiment at 60 weeks. Wy 14,643, in contrast to nafenopin, induced a sustained hepatic cell replication and resulted in the earlier appearance of hepatic tumors. The conclusions from this work suggested that sustained increases in cell replication decreased the latency time for appearance of first tumors without affecting the final tumor burden. The influence of the transient increases in cell replication on the eventual tumor burden seen with nafenopin remains open to speculation.
An analysis of molecular events occurring in the liver of animals given those chemical carcinogens that transiently increase rates of cell replication has shown that significant changes in growth factors, such as epidermal growth factor (EGF) and transforming growth factor-[3 (TGF-(3), occur simultaneously with liver growth, which may significantly increase the cancer risk of the affected (2) .] ] organ (17, 28, 38) . These growth factors elicit stimulation and inhibition of cell replication and have profound effects on apoptosis, but the long-term effects of these and other growth factors remain unknown. In spite of the questions surrounding the role of chemically induced transient increases in cell replication in the subsequent development of cancer in the affected organ, a close correlation exists between those dose levels of carcinogenic chemicals that cause cancer and those that transiently induce increased rates of cell replication (Figure 3) (2).
ALTERATIONS IN THE RATES OF CELL DEATH IN THE DEVELOPMENT OF CHEMICALLY INDUCED CANCER
In contrast to the number of studies reporting changes in the cell replication rate on exposure to chemical carcinogens, there are comparably few in vivo studies measuring the rates of cell death or apoptosis that result following the administration of mitogenic carcinogenic chemicals (5) . One major reason for the relative lack of data on cell death rates may be that until fairly recently the only way in which these rates could be measured in vivo was by laboriously counting apoptotic cells, identified by morphologic criteria, in routinely stained histologic sections (5) . This technique required highly skilled personnel and long hours of examination, and relatively few sections could be examined in a given time. There was also considerable interoperator variability; thus, relatively few studies were conducted. The introduction of antibodies to single-stranded DNA (13, 19, 26) and the adaptation of molecular biology techniques to label the fragmented and &dquo;nicked&dquo; DNA present in cells undergoing apoptosis (called TUNEL) in combination with analytic image technology have allowed the sensitive quantitation of rates of cell death under relevant experimental conditions (12, 14) . Hence, it has been shown that those chemicals that induce a transient increase in cell replication rate also induce a corresponding decrease in the rate of cell death (Figure 4 ). Mitogenic stimuli, whether from hormones, growth factors, or chemicals, have all been shown to inhibit the rate of cell death irrespective of the tissue involved (5) . The increased use of these techniques should allow the study of rates of cell death Neoplastic growths are associated with increased rates of cell replication. It was widely accepted that the reason that the neoplasms grew while the surrounding nonneoplastic tissue regressed was that the rate of cell proliferation in the neoplastic tissue vastly exceeded that in the nonneoplastic tissue. When quantitative measures of the rates of cell replication were made, however, and growth rates for the tumor estimated, it soon became apparent that the tumors were actually growing far more slowly than the cell replication rates would suggest (15, 30, 31) . Therefore, a large number of the proliferating cells in the tumor were being lost. The results suggested that the rates of cell loss were considerably higher than those in the surrounding nonneoplastic tissue, even though vascular blood supply should not have been a limiting factor. Hence, in neoplastic tissue both the rates of cell replication and cell death exceeded those present in the surrounding nonneoplastic tissue by many fold. Although it is generally assumed that a cardinal feature of neoplastic tissue is its growth independence from external stimuli, detailed analysis of rates of cell replication and cell death in hepatic tumors induced by the peroxisome proliferating chemical nafenopin have shown important differences that challenge accepted dogma. In tumors induced by this compound, the rates of both cell replication and cell death were higher than those rates in the surrounding tissue. However, following cessation of exposure to nafenopin, the cell replication rate and the (15) .] apoptotic rate decreased in both the benign and malignant tumors induced by this chemical (Figures 5 and 6 ). Hence even though these tumors were neoplastic, a large proportion of the cell population in the tumors was still responsive to the inducing chemical, and following withdrawal of the chemical, the responsive population reverted to a growth pattern more associated with that of the nonneoplastic liver (15) .
HYPOTHESIS FOR THE ROLE OF CELL DEATH IN CANCER INDUCED BY CHEMICALS THAT TRANSIENTLY INCREASE CELL REPLICATION
Although the rates of cell replication following chemical administration of compounds such as sodium phe-FIGURE 6.-The apoptotic rates in the liver of rats given nafenopin.
The first section illustrates the rates in the normal liver and in various proliferative lesions while nafenopin continues to be fed. The days 4, 8, and 32.5 are the apoptotic rates at these days after withdrawal of the compounds = normal; 0 = clear/eosinophilic foci; El = basophilic foci; D = hepatocellular adenoma; 0 = hepatocellular carcinoma.
[Adapted from Grasl-Kraupp et al (15) .] nobarbitone and nafenopin have been widely studied and it is well known that the elevation is transient, the longterm effects of such chemicals on the apoptotic rates within target organs for chemical carcinogenesis have not been studied. Evidence exists that the rates of cell replication following the initial burst of proliferation are lower than would be expected in an untreated tissue (24, 36) .
The results suggest that for the tissue to either grow or atrophy the rates of cell death would also have to be lower than normal. Because both DNA synthesis and apoptosis are known to be controlled by positive and negative growth factors, respectively, the tissue would be continually restrained under the influence of these factors for as long as the chemical is administered. Because growth factor function is under the influence of receptors, the expression of these receptors is genetically determined and the tissue is held under a chemically induced growth restraint. A mutation in the production of growth receptor proteins that resulted in their downregulation could enable any cell to escape from the control mediated by the chemical and allow growth of the mutated cell while its neighbors remained unable to grow. Given the possibility that increased numbers of &dquo;effete,&dquo; &dquo;old,&dquo; or DNA-damaged cells could be retained within the tissue by the inhibition of the normal apoptotic rate, then a scenario exists whereby the chances are increased of cells being promoted out of a growth-suppressed population of cells and subsequently becoming neoplastic. Hence, if these chemicals exert a sustained suppression of cell death and suppression of cell replication, an ideal environment would be produced for a carcinogenic outcome following prolonged exposure.
HOW CAN INHIBITION OF CELL DEATH INCREASE PROBABILITY OF DEVELOPING CANCER?
In a normal tissue, cells die when they are programmed to do so (10, 37) . This so-called &dquo;programming&dquo; involves a complex series of both intracellular changes and the receipt of signals from other cells that interact with the target cell and elicit the sequence of changes that result in the dissolution of the cell. Cells destined to be deleted are not passive objects of some &dquo;death&dquo; signal, most probably a peptide such as TGF-¡3; rather, these cells are already prepared for an appropriate response when the death signal is received. This preparation may be the production of appropriate membrane receptors for the death peptide. On binding of the growth factor to the receptor in appropriate numbers, the cascade of events, which results in increased intracellular calcium levels and the activation of proteins such as tissue transglutaminase and Ca2+and Mg2+-dependent endonucleases, occurs to bring about the controlled removal of the cell without the elicitation of inflammatory reactions associated with the more widespread cell death that occurs following infectious diseases or ischemia (37) . Any stimulus that acts to prolong the survival of a cell destined for removal hence has the potential to retain larger numbers of improperly functioning cells within a tissue or organ than is advisable for the normal functioning of the tissue. Chemicals such as mitogens decrease the normal apoptotic rates in tissues (29) . Mitogenic chemicals may produce selective pressure to retain &dquo;old&dquo; or improperly functioning cells within the tissue. In addition to inhibiting cell death, these mitogens (by definition) also provoke cell replication. Hence, the potential exists for cells that would have been removed through programmed death to undergo a round of cell replication, and if this replication occurs in a cell with a DNA &dquo;lesion,&dquo; then fixation of the lesion can occur, ie, a mutation. If a cell already harbors a mutation, then the chances exist for that cell to become the progenitor of a neoplastic population.
Mitogenic chemicals, which provoke a transient increase in cell proliferation, may be carcinogens because they retain &dquo;damaged&dquo; cells that would otherwise have been removed by programmed or active cell death.
PERSPECTIVES
Measures of cell turnover rates in tissues after acute exposure under the influence of carcinogenic chemicals can help provide an understanding of the eventual development of cancer in the tissue (9) . In nongenotoxic carcinogenesis, a close correlation exists between dose levels of carcinogenic chemicals that induce cancer and those that induce increased cell replication (23, 34) . Arguments invoking the role of sustained cell replication and the increased probability of developing cancer in the affected organ have been accepted by scientists and regulatory authorities and are used for risk assessment (8, 16) . These arguments provide a ready explanation for dose dependency of cell replicative events, and at dose levels that fail to provoke increased cell replication, cancer would not be expected to develop. These explantions are acceptable for those chemicals that induce cell replication through cytotoxicity, with the increased cell replication being a compensatory response. It has been difficult for the scientific community to accept that increased cell replication occurring within the first few days of dosing can adequately explain the appearance of tumors some 15 + months into the future (25) . In these instances, the mechanism of tumor induction has been sought for elsewhere, and current opinion is split as to the significance of the acute induced DNA synthesis. One potentially critical factor that has not featured strongly in this equation is the concurrent rate of cell death. The rates of both cell replication and cell death can be critical selective pressures in increasing the probability of cancer developing in a tissue. It remains for toxicologic investigators to generate sufficient data to prove or disprove the relative roles of these 2 factors in the development of chemically induced cancer.
